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E-mail address: juan.fontecilla@ibs.fr (J.C. FontecilHydG uses tyrosine to synthesize the CN/CO ligands of [FeFe]-hydrogenase active site. We have
mutated two of the [4Fe–4S]-cluster cysteine ligands of the HydG C-terminal domain (CTD) to serine.
The double mutant can still synthesize CN but not CO. In a mutant lacking the CTD both CN and CO
synthesis are abolished. Like in ThiH, the initial steps of CN synthesis are carried out in the TIM-bar-
rel domain of HydG but some component(s) of the CTD are later needed. The mutants indicate that
CO synthesis is metal-based and occurs in the CTD. We postulate that CN/CO synthesis is initiated by
H2N–CH–CO

2 . Fragmentation of this radical into H2N–
CH2 and CO2 or H2C@NH and CO

2 provides
plausible precursors for CN/CO synthesis.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Hydrogenases are oxygen-sensitive enzymes present in many
microorganisms where they catalyze the oxidation of molecular
hydrogen or the reduction of protons according to the following
reaction: H2 = 2H+ + 2e [1]. Because of the complexity of hydrog-
enases’ active sites (Fig. 1), they require maturation machineries
that involve metal ion transport, synthesis of CN and/or CO, for-
mation and insertion of a FeCO(CN)2, Fe2(CO)2(CN)2 or Fe(CO)2
unit to the apo enzyme, synthesis of a complex nucleotide cofactor
([Fe]-hydrogenase), a di-(thiomethyl)amine molecule ([FeFe]-
hydrogenase) or insertion of nickel and proteolytic cleavage of a
C-terminal stretch ([NiFe]-hydrogenase) [1–3]. Since the active
sites of the latter two enzymes are buried in the structure, electron
and proton transfer pathways and gas tunnels are required to com-
municate between these sites and the molecular surface [4].
Although the assembly mechanism of the [NiFe]-hydrogenase ac-
tive site has been thoroughly studied for many years [5,6], it is only
very recently that the maturation of the active site of their [FeFe]
counterparts has been partially elucidated. In 2004, Posewitz
et al. reported the heterologous expression of Chlamydomonas rein-
hardtii (Cr) hydrogenase in Escherichia coli [7]. Three gene products,
called HydE, HydF and HydG were found to be necessary and suf-chemical Societies. Published by E
la-Camps).ﬁcient to mature the HydA hydrogenase. HydE and HydG belong to
the Radical S-Adenosyl-L-Methionine (SAM or AdoMet) protein
family whereas HydF has GTPase activity [8,9]. HydE and HydG
have signiﬁcant amino acid sequence homologies to biotin syn-
thase (BioB) and anaerobic tyrosine lyase (ThiH), respectively
[10]. In addition to the [4Fe–4S] cluster-containing TIM-barrel do-
main, typical of radical SAM proteins, HydG has an extra C-termi-
nal extension that contains three conserved cysteines and binds a
second [4Fe–4S] cluster [9,11].
Very recent work from the groups of Swartz, Peters, Broderick,
Roach and Happe [12–18], has signiﬁcantly contributed to our
understanding of [FeFe]-hydrogenase maturation. It is known
now that in [FeFe]-hydrogenases the active site H-cluster (Fig. 1a)
is assembled in two stages: ﬁrst the [4Fe–4S] component binds to
the apo enzyme and then the dinuclear [FeFe] cluster is transferred
to it [15]. Besides the three essential Hyd maturases, cell-free syn-
thesis of the sub-cluster is stimulated by tyrosine, cysteine and SAM
[12]. In 2007, we solved the crystal structure of HydE from Thermo-
toga maritima (Tm) and found that it binds SCN very tightly [19].
Subsequently, we also showed that, like ThiH [20], HydG uses tyro-
sine to form p-cresol and either dehydroglycine (DHG) or the re-
lated glycyl radical (Fig. 2). Based on this result a mechanism for
the synthesis of the small dithiolate-containing active sitemolecule
from two DHG molecules was proposed [11]. However, shortly
thereafter Driesener et al. [17] demonstrated that the SAM-depen-
dent cleavage of tyrosine by Clostridium acetobutylicum (Ca) HydGlsevier B.V. All rights reserved.
Fig. 1. The active sites of: (a) [NiFe]-hydrogenase, (b) [FeFe]-hydrogenase and (c) [Fe]-hydrogenase. They all required a CO (and CN in A and B) synthetic machinery to
generate a hydrogen-metabolizing active site.
Fig. 2. Synthesis of the glycyl radical (2) and dehydroglycine (5) from the tyrosyl
radical (1). In in vitro studies of HydG [11] and ThiH [20], the products of the
reaction of tyrosine have been identiﬁed as p-cresol (4) [11,20] for the former and p-
cresol and glyoxylate (7) for the latter [20]. Glyoxylate is the hydrolytic product of
dehydroglycine. Theoretical calculations favor (2) over (5) [20].
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by a report by Shepard et al. [18] that indicated that CaHydG also
uses tyrosine to make CO. Using FTIR, Czech et al. [16] and Shepard
et al. [15] showed that after forming a complex with HydE and
HydG, both CrHydF and CaHydF contain a binuclear [FeFe] cluster
with bound CO and CN ligands. This form of HydF can transfer
its cluster to the [4Fe4S]-containing active site of HydA, generating
a functional enzyme [15,16]. In 2005, King et al. reported thatmuta-
tion of any of the three conserved cysteines found in the C-terminal
domain of HydG resulted in inactive hydrogenase [21].
Here, we report on the CO/CN synthetic activity of two CaHydG
mutants. One that has two of the three C-terminal-domain cysteine
residues mutated to serine and another that lacks the 88 last C-ter-
minal residues. Based on these results, we propose a glycyl radical-
based mechanism for the synthesis of the two types of ligands from
tyrosine.
2. Materials and methods
2.1. Cloning of the HydG gene from Clostridium acetobutylicum
The open reading frame encoding HydG (CAC1356) was PCR
ampliﬁed using C. acetobutylicum genomic DNA, Phusion polymer-
ase (Finnzymes) and the corresponding primers. The N-terminus
primer was designed to contain a unique NdeI restriction site at
the predicated initiation codon (50-GTAATCATATGTATAATGTTAA
ATCTAAAGTTGCAACTGAA-30) and the C-terminus primer to con-
tain a unique BamHI site (50-CATTAGGATCCTTAGAATCTAAAATCT
CTTTGTCCCTCTTT-30). The PCR fragments were puriﬁed with the
Extract II kit (Macherey-Nagel), digested with NdeI and BamHI
restriction enzymes and inserted into a pET-15b vector. This con-
struct (pCaHydG) leads to the production of a N-terminal 6His-
tagged protein. The cysteine to serine double mutation was carriedout following the QuickChange site-directed mutagenesis kit
strategy (Stratagene) using the pCaHydG construct, Phusion poly-
merase and the following primers – Forward: 50-CCAAGCTTTTCT
ACCGCTTCTTATCGTGAAG-30; Reverse: 50-CTTCACGATAAGAAGCGG
TAGAAAAGCTTGG-30. This produced the pCaHydGSxxS construct.
The CaHydGD88 mutant was obtained following the protocol used
for the cysteine to serine double mutation by introducing a stop
codon after position 384 using the pCaHydG construct as template
and the following primers Forward: 50-AATTATATTCCAAGCTA
ATCTACCGCTTCTTAT-30; Reverse: 50-ATAAGAAGCGGTAGATTAGC
TTGGAATATAATT-30. This produced the pCaHydGD88 construct.
The correctness of the cloned DNA sequences was conﬁrmed by
sequencing of the entire genes.
2.2. 6His-CaHydG, 6His-CaHydGSxxS and 6His-CaHydGD88 protein
expression and puriﬁcation
The pCaHydG, pCaHydGSxxS and pCaHydGD88 plasmids were
transformed into E. coli BL21 (DE3). Cells of these derivative strains
were grown in TB medium containing ampicillin (100 mg/mL) at
37 C, to an OD600nm of about 1. The temperature was then lowered
to 15 C and protein expression was induced by addition of 1 mM
IPTG. The cultures were grown for an additional 15 h before har-
vesting. The pelleted cells were temporarily frozen at 80 C. All
subsequent steps were performed under anaerobic conditions with
less than 5 ppm of O2. The cell paste was re-suspended in anaero-
bic buffer A (20 mM HEPES pH 7.4; 500 mM NaCl; 5% glycerol;
20 mM imidazol). Cells were disrupted by sonication and the ly-
sates were clariﬁed by centrifugation at 12 000 rpm for 40 min.
The extracts were loaded onto a 5 mL Nickel chelating column (Hi-
Trap Pharmacia). The column was then washed with several col-
umn volumes of buffer A before eluting the protein by applying a
linear gradient of 250 mM imidazol over 50 mL using buffer B
(20 mM HEPES pH 7.4; 500 mM NaCl; 5% glycerol; 500 mM imida-
zol). The most concentrated fractions were further concentrated by
ultraﬁltration (30 kDa MWCO) and were subsequently applied to a
Superdex S-200 column (120 mL) previously equilibrated with buf-
fer C (20 mM HEPES pH 7.4; 500 mM NaCl; 5% glycerol; 5 mM DTT)
The protein was eluted with buffer C and the protein fractions cor-
responding to the monomeric form of the protein were pooled and
concentrated to about 10 mg/mL by ultraﬁltration.
2.3. Iron sulfur cluster reconstitution
After the puriﬁed protein was incubated with 5 mM DTT for
30 min in an anaerobic chamber, either 9 (CaHydG) or 5 (Ca-
HydGSxxS and CaHydGD88) equivalents of FeCl3 were added drop-
wise as previously described [19]. Subsequently, 9 (CaHydG) or 5
(CaHydGSxxS and CaHydGD88) equivalents of Na2S were added
according to [17] and the solution was stirred for 60 min. Precipi-
tated iron sulﬁdes were removed by ﬁltration and the protein was
subsequently desalted on a HiPrep 26/10 column (GE Healthcare)
using buffer D (20 mM HEPES pH 7.4; 100 mM NaCl). The number
of reconstituted [4Fe–4S] clusters was assessed by UV–visible
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Fish [22] and the protein concentration was determined by the
Rose Bengal method [23].
2.4. CaHydG, CaHydGSxxS and CaHydGD88 cyanide production activity
Because the phosphate ion is known to be a good Fe3+ chelator
and HydG activity is dependant on Fe and S content, we adapted
the activity assay from Driesener et al. [17]. Activity assays consists
of 1 mM tyrosine; 1 mM SAM; chemically reconstituted CaHydG
(21.5 lM), CaHydGSxxS (21.5 lM) or CaHydGD88 (35.0 lM); 20 mM
HEPESpH7.4; 100 mMNaCl (ﬁnal volume1 mL). Reactionswere ini-
tiated by addition of sodium dithionite (ﬁnal concentration 1 mM).
Samples were incubated at either 30 or 37 C during 45 min. Reac-
tions were stopped by ﬂash freezing the samples in liquid nitrogen.
2.5. Cyanide titration
CaHydG-produced cyanide was extracted using a protocol
adapted from Pierik et al. [24]. A 10-mL double-necked round-bot-
tom ﬂask containing a gas inlet consisting of a thin glass tube
reaching to the bottom as described in Pierik et al. was made. Four
milliliters distilled water; 20 lL antifoam Y-30 emulsion (Sigma–
Aldrich A5758) and 1 mL activity assay mixture were heated in a
water bath to 95 C under argon. Then, 500 lL of 3 M H2SO4 and
400 lL of 5 mM KMnO4 were added and the extracted HCN was
collected in a thin glass tube containing 1 mL NaOH 100 mM dur-
ing 25 min. The ﬁnal volume of the collected solution was mea-
sured to correct for evaporation from the ﬂask and subsequent
condensation. Cyanide was subsequently titrated using the proto-
col described in Ref. [24].Fig. 3. Amino acid sequences of TmHydG, CaHydG and EcThiH. Red and pink boxes indi
cysteines that were mutated to serines are indicated by purple circles over the yellow box
mutant. The green box shows a sequence common to all the radical SAM proteins with2.6. Carbon monoxide detection
CaHydG-produced CO was detected following a protocol
adapted from Shepard et al. [18]. In a 200 lL sealed quartz cuvette
were mixed 18 lM CaHydG or CaHydGSxxS; 20 mM HEPES pH 7.4;
100 mM NaCl; 2 mM sodium dithionite; bovine hemoglobin (Sig-
ma–Aldrich 51290) at 0.3 mg/mL and 1 mM tyrosine. The pro-
tein-free blank was performed prior to hemoglobin addition. The
reaction was initiated by the addition of 1 mM SAM and was per-
formed at 30 C. UV–visible spectra were recorded at the following
time intervals (min): 5, 10, 15, 20, 30, 45, 60, 90, 120 and 150, using
a Cary 50Bio UV–visible spectrophotometer from VARIAN scan-
ning between 380 and 600 nm.
3. Results and discussion
3.1. Cyanide and carbon monoxide production by HydG and the
phenotype of its SxxS mutant
By analogy with ThiH [25], and in agreement with results by us
and others, indicating that HydG produces p-cresol from tyrosine
[11,18], Driesener et al. [17] and Sheppard et al. [18] have sug-
gested that DHG, the other expected product of the radical-induced
cleavage of tyrosine [25], might be an intermediate in the reactions
leading to CO and CN synthesis. These results indicate that HydG
is a bi-functional enzyme that uses a relatively simple substrate to
generate the triple-bonded ligands of [FeFe]-hydrogenase active
site. In order to better characterize the synthetic activity of HydG
we ﬁrst mutated two of the three conserved cysteines found in
the C-terminal domain of CaHydG (Fig. 3). As shown in Fig. 4A,
the SxxS mutant showed reduced absorbance in the 400–420 nmcate conserved and similar amino acids in the three proteins, respectively. The two
. The asterisk indicates the last C-terminal residue (Phe) in the truncated CaHydGD88
full a8b8 TIM-barrels.
Fig. 4. (A) UV–visible spectra for wild-type and the CaHydGSxxS and CaHydGD88
mutants after [FeS] cluster reconstitution. The spectra show that both mutants have
lower absorbance in the 400–420 nm region than the wild-type, indicating loss of
the second [4Fe–4S] cluster. (B) Cyanide production by wild-type and the two
mutants after a reaction time of 45 min (see Section 2).
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ﬁrmed the absence of the second [4Fe–4S] cluster in this mutant.
Fig. 4B indicates that both wild-type CaHydG and its SxxS mutant
were capable of CN synthesis. On the other hand, although, as ex-
pected, CO production was detected with the wild-type enzyme it
was impaired in the double mutant (Fig. 5). This result is consistent
with the observation by Shepard et al. [18] that CO production can
only be detected with a fully reconstituted enzyme. Not surpris-
ingly, a second mutant, called CaHydGD88, where the 88 C-terminal
residues were deleted, had absorbance in the 400–420 nm region
that was similar to the one observed for the SxxS mutant
(Fig. 4A). CaHydGD88 did not synthesize CN (Fig. 4B) suggesting
that some elements in the C-terminal domain are essential for this
reaction.
3.2. A plausible radical-based mechanism for the syntheses of CO and
CN by HydG
Sheppard et al. [18] refer to a paper by Dean et al. [26] as a prec-
edent for DHG decarbonylation, a putatively necessary step in CO
synthesis by HydG. However, the reaction reported in [26] con-
cerns a-tertiary amino acids heated in the presence of (activating)
phosphorous oxychloride in inert solvents. The chlorinated activa-
tor could be conceivably replaced by an Fe ion in the enzyme. How-
ever, we show here that the decarboxylation reaction, required for
both CO and CN production, still takes place in the absence of the
C-terminal [4Fe–4S] cluster. Consequently, it is not metal-based.
Plausible mechanisms for CO and CN synthesis by HydG from
tyrosine may be postulated if their precursor is not DHG but theglycyl radical H2N–CH–CO

2 . As has been discussed in the case of
ThiH [20], H2N–CH–CO

2 can be generated by the energetically
favorable homolytic cleavage of the tyrosyl radical (Fig. 2), which
in turn, is produced by H extraction from tyrosine by the 50-deoxy-
adenosyl radical (DOA, the product of SAM cleavage).
Bonifacˇic´ et al. [27] have studied the radiation-induced glycine
decarboxylation via a free radical mechanism. They have shown
that protonation of the anionic glycyl radical causes migration of
the unpaired electron to the N atom followed by decarboxylation:
H2N—CH—CO

2 þHþ ! þH2N—CH2—CO2
! H2N—CH2 þ CO2 ð1Þ
The resulting H2N–CH2 radical can undergo a one-electron oxida-
tion to HC2@NH [27], a molecule that is also an intermediate in
HCN production by pyrolysis of glycine and other amino acids [28]:
H2C@NH! HCNþH2ðor 2Hþ þ 2eÞ ð2Þ
Although this reaction is carried out under very harsh conditions, it
raises the intriguing possibility that H2C@NH be also an intermedi-
ate in the synthesis of CN by HydG. In fact, nitrogenase catalyzes
the reverse of reaction (2) [29]. The lower yields of CN observed
for CaHydGSxxS relative to the wild-type (Fig. 4B) may result from
some structural disorder provoked by the absence of the second
[4Fe–4S] cluster. This would be consistent with the fact that the
C-terminal truncated mutant does not synthesize CN at all
(Fig. 4B). In agreement with the observation that CaHydGSxxS is still
capable of synthesizing CN, reactions (1) and (2) do not require
metal-based catalysis. An alternative to reaction (1) [27] is:
þH2N
—CH2—CO

2 !
Hþ
HN—CH2—CO

2 ! H2C@NHþ CO2 ð3Þ
Besides directly generating the H2C@NH species, reaction (3) is also
interesting because it bypasses the direct reduction of CO2 to CO

2 .
This radical is an intermediate in the one-electron radical pathway
to obtain CO from CO2. Grodkowski and Neta [30] have studied the
radiation-induced reduction of CO2 to CO in aqueous solutions
(Mn = Cu+ in Ref. [30]):
CO2 þ eaq ! CO2 ð4Þ
Mn þ CO2 þHþ !Mn1CO2Hþ ð5Þ
Mn1CO2H
þ þ 1e !Mn  COþ OH ð6Þ
The resulting CuCO+ complex is quite stable [30]. If Mn is as-
sumed to represent the C-terminal HydG [4Fe–4S]2+cluster instead
of Cu+, a similarly stable OC-[4Fe–4S]2+ intermediate might be ob-
tained, explaining the sub-stoichiometric yields of hemoglobin-
bound CO observed by Shepard et al. [18]. Reduction of CO2 to
CO (reactions (4)–(6)) would require the presence of the C-termi-
nal [4Fe–4S] cluster, in agreement with the observation that nei-
ther the CaHydGSxxS nor the CaHydGD88 mutant can carry this
reaction out (Fig. 5), and that with only three Cys ligands, this clus-
ter has one potentially available iron binding site. Because the Ca-
HydGD88 mutant does not synthesize CN, the putative glycyl
radical fragmentation (reaction (1), (3)) must take place at, or near,
the interface between the two HydG domains, close to the second
[4Fe–4S] cluster [11]. This would make sense, especially in the case
of reaction (3), because the reactive CO2 radical should be gener-
ated close to the metal cluster where it will be reduced.
3.3. Summary
Taken together, our experimental results and the relevant data
from the literature provide a coherent view for the synthesis of CO
and CN starting with the glycyl radical, which, in turns, explains
the unique role of the radical SAM enzyme HydG. (As it has been
shown for aerobes such as Bacillus subtilis, DGH can be synthesized
Fig. 5. CO synthesis by HydG; (A) wild-type, (B) CaHydGSxxS mutant. The arrows indicate the evolution of the Soret band in the 400–440 nm region as a function of time.
Spectra were registered at the following time intervals (min): 5, 10, 15, 20, 30, 45, 60, 90, 120 and 150. The shift in absorbance maxima from 430 to 419 nm is indicative of CO-
hemoglobin formation [34]. The loss in intensity in B probably resulted from low-level transformation of deoxy-hemoglobin to oxy-hemoglobin provoked by slow O2 leakage
into the cuvette.
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cal chemistry is not required for DHG synthesis).
Although HydG and ThiH have signiﬁcant amino acid sequence
homology [11] and both catalyze the in vitro formation of p-cresol
from tyrosine, [11,25], the respective mechanisms must differ in
some important details. CO/CN synthesis by HydG requires the
decarboxylation/decarbonylation of either DHG or, as we postu-
late, the glycyl radical. Conversely, in thiazole synthesis, DHG gets
transferred from ThiH to ThiG and the decarboxylation of the DHG-
based fragment of the nascent 4-methyl-5(b-hydroxyethyl) thia-
zole phosphate (Thz-P) takes place later on, in the thiamine syn-
thetic pathway [25,31].
Our results show that the extra C-terminal domain of HydG is
responsible for its bi-functionality. Thus, the ThiH-like postulated
HydG glycyl radical-generating activity (Fig. 2), resides in the typ-
ical TIM-barrel domain of radical SAM proteins. However, the fol-
lowing steps in CN synthesis require at least parts of the C-
terminal domain, and the CO2 -(or CO2)-to-CO reduction uses its
[4Fe–4S] cluster. The phenotypes of the two mutants reported
here, along with the proposed CO and CN synthetic pathways,
suggest that residues found at the C-terminal domain of HydG
may be involved in essential protonation/deprotonation processes
(see reactions (1), (3), and (5)). We favor CO2 , over CO2 as the
intermediate resulting from glycyl radical decarboxylation be-
cause, requiring a single electron to generate CO, it avoids the dif-
ﬁcult direct one-electron reduction of CO2 to CO

2 . The C-terminal
[4Fe–4S] cluster is well suited to mediate this one-electron reac-
tion. A CO dehydrogenase-like reaction, where CO2 will be reduced
to CO and H2O [32], would need two electrons and two protons and
should require a more complex active site than a standard [4Fe–4S]
cluster. It is now possible to rationalize the results of King et al.
concerning the mutation of the three conserved HydG C-terminaldomain cysteines [21] because, at best, the resulting hydrogenase
will lack the active site CO ligands. Further work will be necessary
to better characterize the role of the C-terminal domain in CN
synthesis.
We can conclude that, at variance with what was proposed ear-
lier [33], the HydG-mediated generation of initial CO and CN pre-
cursors does not require metal-based catalysis. The latter is only
required for CO synthesis.
Now that the roles of HydG and HydF have been clariﬁed, it re-
mains to be established which reaction is catalyzed by HydE. Pro-
ceeding by elimination, it is logical to conclude that this protein is
responsible for the synthesis of the small dithiolate-containing
molecule (Fig. 1b). So far, three anion-binding sites have been iden-
tiﬁed in HydE and one of them binds SCN with high afﬁnity [19].
Whether this molecule is a precursor of the di-(thiomethyl)amine
component of the active site remains to be determined.Acknowledgements
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